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Abstract 
 
Atomistic simulations have shown that the grain boundary (GB) structure affects a number of 
physical, mechanical, thermal, and chemical properties, which can have a profound effect on 
macroscopic properties of polycrystalline materials. The research objective herein is to use 
atomistic simulations to explore the role that GB structure and the adjacent crystallographic 
orientations have on the directional asymmetry of an intergranular crack (i.e. cleavage behavior 
is favored along one direction, while ductile behavior along the other direction of the interface) 
for aluminum grain boundaries.  Simulation results from seven <110> symmetric tilt grain 
boundaries (STGBs) show that the GB structure and the associated free volume directly 
influence the stress-strain response, crack growth rate, and crack tip plasticity mechanisms for 
middle-tension (M(T)) crack propagation specimens.  In particular, the structural units present 
within the GB promote whether a dislocation or twinning-based mechanism operates at the crack 
tip during intergranular fracture along certain GBs (e.g., the ‘E’ structural unit promotes 
twinning at the crack tip in Al). Furthermore, the crystallography of the adjacent grains, and 
therefore the available slip planes, can significantly affect the crack growth rates in both 
directions of the crack – this creates a strong directional asymmetry in the crack growth rate in 
the Σ11 (113) and the Σ27 (552) STGBs. Upon comparing these results with the theoretical Rice 
criterion, it was found that certain GBs in this study (Σ9 (221), Σ11 (332) and Σ33 (441)) show 
an absence of directional asymmetry in the observed crack growth behavior, in conflict with the 
Rice criterion. The significance of the present research is that it provides a physical basis for the 
role of GB character and crystallographic orientation on intergranular crack tip deformation 
behavior. 
 
  
Keywords: Grain boundary; Twinning; Dislocation; Fracture; Directional anisotropy 
Page 2 of 25 
I. Introduction 
 
Atomistic modeling and simulation methods have dedicated considerable effort towards 
understanding the brittle versus ductile behavior of materials, including the dynamic instabilities 
that occur during fracture [1–11]. To understand this behavior, a number of studies have focused 
the deformation process that occurs at the crack tip, i.e., brittle (cleavage) versus ductile 
(nucleation of partial and full dislocations, and deformation twinning) behavior and dislocation 
burst in single crystal and bicrystal metals, in particular [6]. These simulations have clarified the 
effects of applied load orientation and slip planes on dislocation nucleation or twinning at/ahead 
of the crack tip, both in the single crystal and at the grain boundaries (GBs).  
In general, atomistic simulations have helped in understanding that crack tip propagation is 
primarily governed by the dislocation process (emission versus cleavage) and in some metals, 
such as aluminum and copper, deformation may be accommodated through deformation 
twinning [10,12–14]. Deformation twinning, especially in aluminum, has been a subject of 
debate due to discrepancies in experimental and atomistic modeling results, regardless of the 
time and length scale issues [2,3,10,13]. For example, Tadmor and Hai [15] used a quasi-
continuum method to suggest that deformation twins form ahead of the crack tip in single crystal 
aluminum when  ܶ ൌ 	ߣ௖௥௜௧ඥߛ௨௦/ߛ௨௧ ൐ 1, where ߣ௖௥௜௧ is the normalized critical load for the 
nucleation of a trailing partial dislocation, ߛ௨௦ is the energy associated with unstable stacking 
fault energy, and ߛ௨௧ is the unstable twinning partial nucleation energy. Farkas et al. [2] and 
others [6,16,17] have used atomistic simulations to observe similar twinning behavior in Al.  
However, it has been well-established experimentally that Al does not twin except under certain 
loading conditions and at relative small time scales, primarily due to the high stacking fault 
energy of the material [13,17,18]. On the other hand, this discrepancy between simulations and 
experiments regarding deformation twinning does not occur in nanocrystalline (NC) metals 
(grain size < ~100 nm), as observed by Zhu et al. [12,19] and others [16,17,20–22], where 
deformation twinning is indeed one of the experimentally-observed deformation mechanisms, 
along with the GB rotation/sliding and dislocation glide [12,17,21]. This behavior may be 
partially attributed to GB interfaces and networks that contribute significantly to the properties of 
metals. Furthermore, onset of plastic deformation is complicated due to the dissociated and 
faceted structure present in GB interfaces [23,24].  Hence, the local structure and character of the 
GB was important for understanding interfacial crack mechanics. 
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Research has shown that GB properties are affected by both the macroscopic degrees of 
freedom and the microscopic local structure [25–30]. The term GB character is often used to 
refer to the macroscopic GB degrees of freedom. The GB character refers to the five degrees of 
freedom associated with the misorientation between the crystallographic orientations of the two 
adjoining grains. Hence, GB character encompasses not only the misorientation angle, but also 
the GB plane as well as information pertaining to GB type (e.g., low angle versus high angle, Σ 
value, etc.). In terms of microscopic local structure, the translations between adjoining grains are 
important, as is the localized dislocation structure of the boundary. Historically, many efforts 
have focused on developing a method to characterize GBs [31–36] and their influence on the 
physical properties of polycrystalline material (e.g. [37–39]). These models utilized dislocation 
arrays, disclinations, and coincident site lattice (CSL) to describe microscopic and macroscopic 
degrees of freedom of GBs. Based on identifying the favored GB for the corresponding GB 
systems, these methodologies [25,28,40–46] described the structural elements comprising 
symmetric tilt, asymmetric tilt, twist, and twin GBs. They determined that the favored GBs are 
entirely composed of unique structural units (SUs) that cannot be decomposed into other GB 
structures. 
There have been several studies that examine the role of GB structural units on GB plasticity 
and deformation mechanisms. For instance, Sansoz and Molinari [47] used quasi-continuum 
simulations on Al and Cu bicrystals to show that deformation sliding was accommodated 
through atomic rearrangement of ‘E’ SUs in the GB structure for the <110> symmetric tilt grain 
boundary (STGB) system. Additionally, Spearot et al. [23,48] have used molecular dynamics 
(MD) simulations at 10 K and 300 K to examine how GB structural units impacted the process of 
dislocation nucleation. However, the role of GB character on plastic events such as dislocation 
emission, twin formation, and atomic displacements at the interface with a preexisting crack has 
received less attention, especially in Al with varying types of GB SUs. In fact, in Cu and Fe 
bicrystals, it has been shown experimentally that there exists a strong directional dependence on 
the fracture behavior along the interface [49–54]. Moreover, the crack growth asymmetry is 
governed by the relative angle of the slip plane to the crack plane (θ) and the angle between 
normal to the crack tip and slip direction (ϕ) [55], as depicted in Figure 1a. The critical energy 
release rate (G) required for a dislocation emission can be expressed as follows:  
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ܩௗ௜௦௟ ൌ 	8 ቀଵାሺଵିణሻ௧௔௡
మథ
ሺଵା௖௢௦ఏሻ௦௜௡మఏቁ ߛ௨௦        (1) 
 
where γus is the unstable stacking fault energy for the slip plane and ߴ is the Poisson’s ratio. 
Furthermore, the Rice-Thompson criterion for dislocation nucleation versus cleavage failure (i.e., 
Gcleav = 2γs) is given by  
 
ఊೞ
ఊೠೞ ൐ 	4 ቀ
ଵାሺଵିణሻ௧௔௡మథ
ሺଵା௖௢௦ఏሻ௦௜௡మఏቁ                    (2)             
 
where γs is the surface energy required to create a free surface along the GB interface. Wang et 
al. [49,51] used the Rice-Thompson condition to examine experimentally-observed directional 
crack growth behavior in Fe-Si and Cu bicrystalline interfaces and found that the large variation 
in crack growth behavior was attributed to the relative orientation of slip system ahead of crack 
tips. Furthermore, the larger crack growth along certain directions was observed when the ratio 
of  ఊೞఊೠೞ was the lowest. For example, using the Rice criterion, Wang et al. [49,51] calculated the 
ܩௗ௜௦௟ for a dislocation nucleation from the Σ9 (221) GB in Cu and ܩௗ௜௦௟ was ~5.5 J/m2 and ~2.4 
J/m2 along the –X and +X directions, respectively. On the other hand, the critical energy for the 
cleavage (ܩ௖௟௘௔) in the Σ9 (221) GB interfaces was ~2.5 J/m2. These predictions for the Σ9 (221) 
GB suggest that the fracture behavior changes from a ductile to brittle or vice versa, when the 
crack propagation direction along the interface changes, which was further corroborated with 
experimental findings. However, a complete understanding of the fundamental mechanisms 
associated with asymmetric deformation are inaccessible with experimental techniques, 
especially the atomic deformation ahead of the advancing crack, the role of GB character, and 
the resulting directional intergranular fracture. Thus, this presents significant challenges to 
developing unique state variables (e.g., free volume, GB energy and SU present along the grain 
boundary etc.) capable of being hierarchically transferred to higher-order models for predictive 
modeling.  
Therefore, the objective of the present research is to understand the relationship between 
the local atomic structure and the crack mechanics at the GB interface.  In this work, the 
directional anisotropy of an intergranular crack was studied for <110> STGBs in Al to clarify the 
role of interface character on dislocation emission, formation of twins, and/or atomic 
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displacement. The GB structural description corresponding to the minimum energy was 
characterized using the structural unit model (SUM) [25,42,56–58], and the initial free volume of 
each interface was calculated using a previously-described method [59]. The Rice criterion 
predictions for the directional behavior of incipient plastic event ahead of a crack tip in these 
GBs were compared against the observed crack tip event. A middle tension – M(T) – specimen 
was modeled using molecular dynamics with a constant tensile strain rate applied normal to the 
GB plane at 300 K. The tensile stress-strain response of these M(T) GB specimens were 
analyzed to correlate the mechanical response to the GB structure. Subsequently, the crack tip 
plasticity and the directional crack tip response of these GB interfaces were examined. The 
incipient crack tip event observed deviates from the Rice criterion predictions in certain 
interfaces (e.g., Σ9 (221), Σ11 (332), and Σ33 (441) GBs). Furthermore, the crack growth during 
the fracture process was calculated and a noticeable variation in crack growth was observed for 
the +X direction and –X direction (from the center of the specimen). 
This paper is organized as follows. Section 2 briefly summarizes the simulation approach 
utilized herein. The results and discussion are presented in Section 3, including the atomic 
structure of GBs at 0 K, the stress-strain responses of the interfaces, the crack growth along both 
+X and – X directions of each interface, and the atomic deformation for GB interfaces displaying 
interesting crack growth features. The simulation results reveal several interesting observations: 
(1) there was a strong asymmetry in crack growth due to the difference in crystallographic 
orientation of the {111} slip planes on adjacent grains and the crack growth directions, (2) in 
some cases, the GB volume ahead of the crack tip underwent significant structural 
rearrangement, which subsequently influenced the crack propagation mechanism, (3) in most 
GBs, crack propagation was caused by alternating mechanisms of dislocation emission, followed 
by propagation of dislocation (blunting) and cleavage/crack advance, (4) the crack growth rates 
along the GB interface were strongly influenced by the initial free volume at the interface, i.e., 
faster crack growth was observed along interfaces with higher initial free volume, (5) the ‘E’ SU 
GBs show a distinct deformation behavior compared to other <110> GB interfaces, primarily 
due to the ease of nucleating the intrinsic stacking fault (ISF) ahead of the crack tip, which 
further act as site for nucleation of partial dislocation, and (6) twin-deformation was observed 
ahead of the crack tip only in the GB interfaces with ‘E’ SU in the GB structural description. 
Finally, this work provides a framework for analyzing GB deformation when primarily 
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influenced by the SUs. This approach can be used to inform non-local cohesive zone models of 
atomistic grain boundary details in an effort to capture the relevant interfacial physics for higher-
length scale models. 
 
2. Computational Methods 
 
A parallel molecular dynamics code (large-scale atomic/molecular massively parallel 
simulator, LAMMPS [60]) with a semi-empirical embedded atom method (EAM) [61] potential 
was used to study the role of GB character on plastic events and the subsequent crack dynamic 
behavior in Al STGBs with <110> tilt axis. In this work, we employed the EAM potential of Liu 
et al. [62] to describe the interactions between Al-Al and for generating the impurity-free GB 
systems. The EAM potential was fitted to the experimental data and a set of ab-initio structural 
atomic forces calculated for large set of configurations. The surface energies, stacking fault 
energies (SFE) and many other physical properties calculated using Liu et al potential [62] were 
in good agreement with experimental findings and other EAM potentials (refer [62,63]). 
Furthermore, this potential has been shown to accurately reproduce the experimental solid-liquid 
binary phase diagram [64], quantify stable structure formations, the thermo-mechanical behavior 
of nanocrystalline materials [22], the mechanistic causes for the crossover from a dislocation to a 
grain boundary-based deformation mechanism with decreasing grain size; grain boundary 
structure and energies; and many other physical behaviors, including the stacking fault energy 
(SFE) in Al [64].  
 
2.1. Equilibrium grain boundary structures 
The GB structure and minimum energy were calculated using a bicrystal simulation cell with 
three-dimensional (3D) periodic boundary conditions consisting of two grains at 0 K as 
described by Rittner and Seidman [28]. The tilt axis was <110> for the two grains, which were 
rotated such that their crystallographic orientations are symmetric about the grain boundary 
plane. The periodic boundaries were maintained with a separation distance of 25 nm between the 
boundaries. Several 0 K minimum energy GB structures were obtained through successive rigid 
body translations followed by an atom deletion technique and energy minimization using a non-
linear conjugate method  [24,28–30,37–39]. In particular, grain boundary structures generated 
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using this technique have been compared with experimental high-resolution transmission 
electron microscopy images [65–67].  
Atomic rearrangement that occurs during minimization of the GB can be expressed as 
relative displacement of atomic planes normal to the GB [68]. This provides a microscopic 
measure for the excess volume or the free volume required to create the interface because the 
strain field associated with the interface at the atomistic scale decays as	݁ି௭, where z is the 
distance normal to the GB plane. The free volume can be measured by finding the relative 
displacement of two parallel atomic planes nearest to the GB. This measure represents the local 
expansion undergone by crystals at the interface (Δz*). 
 
2.2. Molecular dynamic fracture simulation  
For dynamic fracture simulations, the minimized GB structures were modeled by prescribing 
periodic conditions along the Y and Z directions and a non-periodic condition along the X 
direction (Figure 1b). Prescribing a periodic boundary condition along the Y direction introduced 
a second GB interface at the end of the simulation setup, but the influence of this interface on the 
results was minimized by prescribing sufficient separation between the two GB planes (~25 nm). 
The dimensions along the X and Z directions were chosen to provide sufficient convergence of 
the 3D interfacial fracture behavior. The atomistic model was equilibrated at 300 K using a 
canonical ensemble (NVT) for 5 ns and the periodic directions were subsequently relaxed using 
the isothermal-isobaric (NPT) equations of motions for 10 ns. Then, a through-thickness crack 
with a 2 nm height was introduced along the GB plane by deleting atoms within the crack region 
as illustrated in Figure 1b, such that the 2a/W ratio for the atomistic model was kept constant at 
0.1, where 2a is the crack length, and W is the total width of the specimen (X dimension, ~50 
nm). The minimum dimensions for the entire bicrystal at equilibrium were approximately 50 nm 
ൈ	50 nm ൈ	5 nm (~1.0 million atoms). The overall dimensions, crack size, and the crack profile 
used with the M(T) geometry is similar to that of what has been reported in literature for various 
other studies, such as [3,15,69–71]. The model was deformed under tensile loading by applying a 
constant strain rate of 108 s-1 normal to the GB plane (Y direction), while the transverse 
boundaries were controlled using the NVT ensemble equations of motion for a temperature of 
300 K. The NVT boundary conditions produce a tensile stress in the transverse direction, which 
can affect the interface strength [72]. However, this lateral NVT boundary condition was deemed 
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more appropriate than a stress-free NPT ensemble, as an NPT boundary condition relaxes the 
transverse stresses and inhibits crack propagation. The lateral stresses were on the order of 1/7th 
to 1/10th of the applied stress in the Y direction.  Each bicrystal interface was deformed up to an 
engineering strain of 8%.  
The virial definition of stress was used to quantify macroscopic responses of the interface 
[73]. The evolution of the defected atoms (e.g., the crack tip, dislocations, and twins) was 
visualized using the centrosymmetry parameter [74]. This method accurately identifies defects 
within the crystal structure and is able to separate these defects from regions of large elastic 
deformation, while retaining the symmetry of their local environment during elastic deformation. 
The crack tip propagation was tracked using the centrosymmetry parameter; a cutoff of the 
centrosymmetry parameter ( > 20) was used to identify surface atoms and track the crack 
trajectory. 
 3. Results and Discussion 
 
3.1. GB structure and energy 
Understanding the structure and energy of the GB system is crucial for engineering materials 
intended for advanced applications because GB properties can vary widely (coherent twin versus 
low angle versus high angle GBs). In this study, a range of GB structures and energies that are 
representative of some of the variation observed in the GB character distribution of 
polycrystalline as well as nanocrystalline metals was used to investigate the role of GB character 
on plastic events such as dislocation emission, twin formation, and atomic displacements at the 
interface with a preexisting crack, see Table 1.  
The SUs associated with each investigated <110> STGB are shown in Figure 2 with the help 
of Voronoi atomic volume and summarized in Table 1, along with the 0 K GB energy, the free 
volume, and the SU periodic length of each interface. The orientation of available in-plane slip 
systems with respect to the GB plane correlate the amount of free volume (Voronoi atomic 
volume) available at the interface and degree of atomic rearrangement required for 
heterogeneous dislocation nucleation along slip planes (Figure 2). The GB SU descriptions are in 
good agreement with previous descriptions available in literature [23,28,47]. The Σ3 (111) 
coherent twin boundary with the ‘D’ SU (Shockley partial dislocation) along the GB plane, that 
exhibited small variation in the Voronoi volume at the interface. The Σ11 (113), and Σ33 (225) 
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GB’s exhibit a smaller excess atomic volume peak at the GB. This is primarily due presence of 
diamond shaped ‘C’ SU that consists of 4 atoms forming a relatively tightly packed interface. 
The ‘E’ SU is made up of 6 atoms arranged in a kite shape. On the other hand, the Σ27 (552) GB 
exhibits a large variation in the atomic volume at the interface, implying that the initial GB 
interface has a large available excess volume to accommodate deformation. The presence of 
large pockets of excess volume available in the GBs containing ‘E’ SUs at the termination of 
{111} planes explains ease in a nucleating ISF that in turn lead to the dislocation nucleation [75]. 
These pockets of excess volume along the interface also promote cleavage behavior along the 
interface in the absence of dislocation nucleation ahead of the crack tip.  
 
3.2. Dynamic fracture using M(T) for <110> STGBs 
Dynamic fracture of the Al GBs was investigated with atomistic simulations of middle 
tension M(T) specimens at 300 K and a constant tensile strain rate normal to the GB plane. The 
stress-strain response and its correlation to the GB structures are discussed. This is followed by 
quantifying directional crack tip responses by measuring the crack growth with applied strains. 
 
3.2.1. Mechanical behavior 
The mechanical response under tension of <110> STGBs as a function of applied normal 
strain is shown in Figure 3a. The mechanical behavior can be grouped into two distinct sets: one 
set for GBs with a structural period containing the ‘E’ SU and another for GBs without the ‘E’ 
SU. The presence of the ‘E’ SU lowers the dislocation nucleation stress, in agreement with other 
studies [23,47]. The maximum stress for all of the <110> STGBs evaluated was between 1.62 
GPa (Σ9 (221)) and 2.70 GPa (Σ11 (113)), showing the strong effect of the GB structure. 
Qualitatively, the average maximum normal interface strength for GBs containing the ‘E’ SU is 
about 1.63 GPa as compared to other non-‘E’ SU GBs which is about 2.52 GPa. This clearly 
emphasizes the influence of GB structural unit on crack tip deformation, as the similar maximum 
stress for GBs with the ‘E’ SU suggest that GB dislocations drive the incipient plastic activity. 
The GBs containing the ‘E’ SU show a lower stress response than GBs with other SUs. 
Figure 3b shows various normalized constitutive parameters, such as GB energy and maximum 
normal stress as a function of misorientation of <110> STGBs under tension. The GB energy and 
the maximum normal interface strength were normalized with 474 mJ/m2 and 2.7 GPa, 
Page 10 of 25 
respectively. Our results indicate no particular trend for the <110> STGBs under tension when 
comparing various interface constitutive parameters, i.e., maximum normal interface strength, 
GB energy, etc., except presence of ‘E’ SU causes a large drop, on average 35%, in the 
maximum normal interface strength for <110> STGBs (see Figure 3b).  
 
3.2.2. Directional crack growth dynamics and the influence of GB structural units 
The crack growth along both -X ሾ ത݊ ത݊݉ሿ and +X ሾ݊݊ ഥ݉ሿ direction was negligible for many 
interfaces that contained the ‘E’ SU in their structural period description (see Figure 4). All the 
interfaces with the ‘E’ SU in their structural period description experienced the following 
sequence of deformation behavior at both crack tips, which resulted in negligible crack growth 
(blunting). First, with an increase in the applied strain, atomic displacements along the GB 
interface led to the formation of an ISF, followed by nucleation of a leading partial dislocation. 
The leading partial was soon followed by a twin partial dislocation along the adjacent slip plane 
to form the twin embryo, and then further application of strain leads to twin growth. 
Interestingly, for certain grain boundaries (i.e., especially in the Σ33 (441) GB), the crack growth 
along both +X and –X directions was negative for long periods during the deformation process, 
suggesting that the crack surfaces were brought together in an attempt to minimize the energy of 
the system. The observed behavior ahead of the crack tip was attributed to the nucleation of 
multiple partial dislocations from GB sources at finite distances (10-20 Å) ahead of the crack tip 
[76,77], which subsequently resulted in deformation twins. The analysis of the atomic 
mechanisms responsible for this behavior is further discussed in Section 3.2.3.2.  
The directionally-dependent crack growth response was also observed in some grain 
boundaries (e.g., the Σ33 (225) STGB) and the crack tip events were further analyzed during 
dynamic fracture (Figure 4). For example, the Σ33 (225) STGB has an inactive period of ~270 
ps, after which the stable crack growth rate was ~30 m/s and ~20 m/s along the –X ൣ5ത5ത4൧ and +X 
ሾ554തሿ directions, respectively. Moreover, crack growth along the –X ൣ5ത5ത4൧ direction was 
arrested from 420-575 ps due to nucleation and propagation of a partial dislocation ahead of the 
crack tip. In contrast, crack growth along the +X ሾ554തሿ direction did not experience a prolonged 
growth arrest (530-570 ps) relative to the ൣ5ത5ത4൧ direction. The Σ33 (225) STGB contains a high 
initial free volume across the interface (refer Table 1), which likely contributes to the rapid 
growth rate (~80 m/s) in the absence of accessible slip systems ahead of the crack tip, i.e., 
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cleavage type behavior. Table 3 provides highlights of maximum periods of growth experienced 
and the corresponding crack tip velocity along both –X and +X directions by each interface. 
Interestingly, these simulations quantify that not only do different grain boundary structures and 
structural units influence crack growth, but they also influence the degree of anisotropy during 
intergranular crack growth.  This anisotropy in crack growth behavior within a single grain 
boundary and its correlation with the atomic structure of the interface has also been observed in 
other studies [76–78]. 
 
3.2.3 Analyzing deformation ahead of the crack tip 
A more detailed analysis of dynamic crack growth behavior was performed by visualizing 
the atomic region along the interface ahead of the mobile crack tip. The centrosymmetry 
parameter was used to detect dislocations and stacking faults, which have larger centrosymmetry 
values than atoms within a pristine fcc lattice. The two prominent deformation modes observed 
in the following study are highlighted below.  
 
3.2.3.1. Directional anisotropy: The role of dislocation emission  
The crack tip response was highly anisotropic for the Σ11 (113) interface (see Figure 4), and 
plasticity ahead of the crack tips during fracture were studied to explain the observed 
mechanisms (Figure 5). At an applied strain of 2.6% (Figure 5c), the crack along the +X ሾ332തሿ 
direction branches out along the {001} cleavage plane and grows in a brittle manner. On the 
other hand, along the –X ሾ3ത3ത2ሿ direction, steady state crack growth was observed up to an 
applied strain of 4.6% (Figures 4a). As shown in Table 2, the relative angle between the 
preferred slip system and the crack plane of 100° requires a large amount of energy to nucleate 
and propagate dislocations away from the crack tip. Coordinated atomic movement was 
witnessed at the interface to nucleate a partial dislocation for crack growth along the –X ሾ3ത3ത2ሿ 
direction (Figure 5e). In contrast, minimal atomic displacements were required for the nucleation 
of cleavage surfaces along the +X ሾ332തሿ direction. The relative orientation of slip planes with 
respect the crack plane and the crack growth direction was the principal cause for the crack 
asymmetry observed during the failure of the interface (refer Table 2 and Figure 5f).  
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3.2.3.2. Directional anisotropy: The role of deformation twin 
In grain boundaries with the ‘E’ SU, directional anisotropy of an intergranular crack during 
the dynamic fracture was observed. Moreover, the ‘E’ structural unit was identified as the cause 
for the twin deformation. For example, in the case of the Σ27 (552) GB, along the +X ൣ115ത൧ 
direction, a kink was observed in the bottom grain ahead of the crack tip which was attributed to 
nucleation of a microcrack along the {001} plane followed by the nucleation of a partial 
dislocation and the subsequent absorption at the kink surface (Figure 6b). With an increase in the 
applied strain to ~2%, a leading partial dislocation along ሺ111ሻሾ112തሿ was nucleated from the ISF 
with no trailing partial dislocation (Figure 6c). The extent of atomic displacement required to 
nucleate the partial dislocation was negligible; this behavior was consistent in all the GBs 
containing the ‘E’ SU. The leading partial was then followed by a partial dislocation on an 
adjacent {111} plane, which forms a twin embryo (see Figure 6d). As the applied strain 
increases, successive partial (twinning) dislocations grow the twin (Figure 6e). Although twin 
deformation is not common in Al, there have been several observation of twin formation and 
growth in Al both experimentally [12,17,21,22]  and in MD simulations [2,6,16,17]. 
The atomic deformation ahead of the crack tip along the –X ሾ1ത1ത5ሿ direction 	
is shown in Figure 6f-g. The nucleation of ሺ111ሻሾ112തሿ leading partial dislocation at ε = 1.7% left 
behind a SF in its wake, as shown in Figure 6f. This was followed by an emission of the twin 
partial and growth of a twin (Figure 6g). The analysis of the deformation behavior ahead of the 
crack tip along both ൣ115ത൧  and ሾ1ത1ത5ሿ directions shows that relatively minimal applied strain was 
required to cause the ‘E’ SU to rearrange and form an ISF along the interface. This ISF acted 
both as an accelerant in the plastic events at the interface and as a source for nucleating partial 
dislocations and, subsequently, deformation twins. Also, the discrete nature of these plastic 
events were significantly affected by the combination of availability of easy slip planes (Figure 
6h), the free volume, and the SUs. 
To further address the role of the ‘E’ SU, the key events during the deformation of Σ27 (552) 
GB along both ൣ115ത൧ and ሾ1ത1ത5ሿ directions of the M(T) crack were correlated with the 
mechanical response of the interface, as shown in Figure 7. This figure reveals some key trends 
which can be described as follows. As the applied normal strain increased 1) the nucleation of 
twin partial dislocation occurred along the –X ሾ1ത1ത5ሿ of the crack as indicated in step 1 (  = 
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1.8%); 2) then the nucleation of twin partial dislocation along the +X ൣ115ത൧ direction occurred as 
depicted in step 2 (  = 2.3%); 3) during segments 2-3, twin growth occurred; 4) subsequently at 
step 3 (  = 2.9%), another twin dislocation nucleated along +X ൣ115ത൧ direction; 5) during 
segments 3-4, deformation twins grew; 6) after step 4 (  = 3.4%), the twin partial dislocation 
was nucleated along the –X ሾ1ത1ത5ሿ direction ahead of the crack tip; and 7) finally, at step 5 (  = 
3.7% ), nucleation of partial dislocations occurred along both ሾ1ത1ത5ሿ and +X ൣ115ത൧ directions. 
 
In summary, the observed incipient crack tip plastic event (Table 4) was compared against 
theoretically predicted behavior (Table 2). The comparison clearly shows that the observed 
behavior was different from the predicted behavior during dyamic fracture of the GB interface. 
However, the observed plastic events at the crack tip for the Σ11 (113) GB are in agreement with 
previous MD studies [76] and experimental work [49]. The majority of GBs show dislocation 
nucleation from GB sources at a distance ahead of the crack tip (Table 4), in agreement with 
other studies [76,77]. This raises questions about the applicability of the Rice criterion, which 
suggest a dislocation emission from the crack tip. In future, we will further investigate this 
discrepant view through atomistic modeling of a semi-infinite crack with boundary conditions 
corresponding to the displacement field associated with a specified applied K at infinity. Overall, 
the significance of the present research is that it provides a physical basis for the role of GB 
character and crystallographic orientation on intergranular crack tip deformation behavior. 
 
4. Conclusions 
 
In this work, we use atomistic simulations to explore the role that GB structure and the 
adjacent crystallographic orientations have on the directional asymmetry of an intergranular 
crack (i.e. cleavage behavior is favored along one direction, while ductile behavior along the 
other direction of the interface) for aluminum grain boundaries. Simulation results from seven 
<110> symmetric tilt grain boundaries (STGBs) show that the GB structure and the associated 
free volume directly influence the stress-strain response, crack growth rate, and the incipient 
plastic events ahead of the crack tip. In particularly, following conclusions can be drawn from 
the present study: 
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1. The normal stress response for the <110> GBs during dynamic fracture, we observed two 
distinct responses (θ < 109.47° and θ > 109.47°) of interface strength and the GB 
misorientation. This clearly underlines the influence of GB structural unit on the crack tip 
deformation, as the GBs with the ‘E’ SU have similar maximum strength suggesting that the 
GB dislocations were driving the incipient plastic activity ahead of the crack tip.  
2. To further understand this behavior, the crack growth response was studied using the M(T) 
specimen. The crack growth for a majority of the GB interfaces studied (Σ9 (221), Σ11 (332) 
and Σ33 (441) GBs, containing the ‘E’ SU) was negligible along both directions, i.e., 
displaying a lack of directional anisotropy during intergranular fracture as predicted by Rice 
criterion. The maximum growth rate witnessed by the GB interface was in direct correlation 
with the initial free volume of the GB interface (Tables 1 and 2), implying that GBs with 
higher free volume experienced greater growth rates during cleavage deformation. 
3. The ‘E’ SU had a significant role on the interface crack dynamics and deformation behavior 
when compared with other SUs. For example, we observed twin deformation only in the GB 
interfaces that contained ‘E’ SUs in GB structural description. Experimentally, similar twin 
formation and growth behavior has been reported in nanocrystalline Al [12,17,21,22]. 
4. Dislocation nucleation occurred from GB sites at some distance ahead of the crack tip for 
some GBs (Σ9 (221), Σ11 (332) and Σ33 (441)), in agreement with the findings of Cheng et 
al. [76] (with shaper edge crack specimens). The observed incipient crack tip plasticity for 
different crack sizes with these GBs question the applicability of the Rice criterion for 
predicting behavior of all interfaces.  
5. Lastly, the GB structural unit plays a large part in dislocation nucleation ahead of the crack 
tip, as interface atoms provide varying degrees of mobility to incorporate plastic 
deformations. These new atomistic findings provide a physical basis for recognizing the role 
of the GB character and the boundary conditions on intergranular crack behavior.  
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Table 1. Grain boundary CSL description, SU notation, the GB periodic length, GB energy, the 
free volume used in this work. The Σ27 (552) GB has the highest initial free volume, periodic 
length and GB energy among <110> STGBs examined here. 
Misorientation 
angle 
() 
CSL 
designation 
(Σ) 
SUM 
notation 
GB periodic 
length (Å) 
GB 
energy 
(mJ/m2) 
Free volume 
(Δz*) 
in units of a0 
50.48° Σ11 (113) |C.C| 18.91 151 0.1811 
59.00° Σ33 (225) |C.CDC.C| 32.75 326 0.2060 
109.47° Σ3 (111) |D.D| 9.87 73 0.0005 
129.52° Σ11 (332) |DE.DE| 26.75 390 0.1724 
141.06° Σ9 (221) |E.E| 17.10 437 0.1500 
148.42° Σ27 (552) |AEE.AEE| 41.90 474 0.2650 
159.96° Σ33 (441) |ED.ED| 32.75 428 0.1610 
 
Table 2. Predicted minimum energy slip plane orientation with respect to the crack plane along 
both –X and +X direction of crack growth (θ) based on the Rice model (refer equation 1). The 
energy release rate for GB cleavage (Gclea = 2γs-γgb) and dislocation nucleation ahead of the crack 
tip along both directions. 
Grain 
boundary, 
CSL 
designation 
(Σ) 
Critical 
energy 
release rate 
for cleavage  
(ࡳࢉ࢒ࢋࢇ), J/m2 
Relative angle 
between slip 
plane and 
crack plane 
along the -X 
direction (θ-), 
degrees 
Relative angle 
between slip 
plane and crack 
plane along the 
+X direction (θ+), 
degrees 
Critical energy 
release rate for 
dislocation 
nucleation 
along the –X 
direction 
(ࡳࢊ࢏࢙࢒ି ), J/m2 
Critical energy 
release rate for 
dislocation 
nucleation 
along the +X 
direction 
(ࡳࢊ࢏࢙࢒ା ), J/m2 
Σ11 (113) 1.28 100.0 80.0 1.28 0.90 
Σ33 (225) 1.14 95.7 84.23 1.15 0.94 
Σ3 (111) 1.23 109.5 70.5 1.73 0.86 
Σ11 (332) 0.93 60.5 119.5 0.90 2.66 
Σ9 (221) 0.92 54.7 125.3 0.97 3.62 
Σ27 (552) 1.28 51.0 129.0 1.04 4.56 
Σ33 (441) 1.11 45.3 25.2 1.19 2.96 
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Table 3. Crack propagation figures of merit along the +X and –X directions for <110> STGB 
interfaces.  
 
CSL 
designation 
(Σ) 
Maximum 
crack 
growth 
period along 
the -X 
direction 
(ps) 
Maximum 
crack 
growth 
along the -X 
direction 
(Å) 
Maximum 
crack 
growth 
velocity 
along the -X 
direction 
(m/s) 
Maximum 
crack 
growth 
period along 
the +X 
direction 
(ps) 
Maximum 
crack 
growth 
along the 
+X 
direction 
(Å) 
Maximum 
crack 
growth 
velocity 
along the +X 
direction 
(m/s) 
Σ11 (113) 370 – 500 76 48 375 – 600 39 12 
Σ33 (225) 570 – 615 86 85 320 – 510 62 22 
Σ3 (111) 400 – 650 33 10 300 – 325 6 20 
Σ11 (332) 360 – 500 17 10 250 – 290 4 10 
Σ9 (221) NA 3 - 300 – 380 12 12 
Σ27 (552) 570 – 600 13 24 610 – 650 48 50 
Σ33 (441) NA 2 - NA 0 - 
 
Table 4. The observed crack tip events along both directions of the crack propagation for various 
GBs during the dynamic fracture are summarized. The dislocation (D), dislocation nucleation 
from GB sites ahead of the crack tip (H.D), and the cleavage (C) are the incipient crack tip 
events classified below. 
 
 Grain boundary, 
CSL designation (Σ) 
Incipient plastic event 
ahead of the crack tip 
along the –X direction 
Incipient plastic event 
ahead of the crack tip 
along the +X direction 
Σ11 (113) D C 
Σ33 (225) D C 
Σ3 (111) H.D H.D 
Σ11 (332) H.D H.D 
Σ9 (221) H.D H.D 
Σ27 (552) D D 
Σ33 (441) H.D H.D 
 
 
 
 
